For many years, few therapeutic options were available for the treatment of advanced prostate cancer. Recent advances in our understanding of the molecular biology of prostate cancer, particularly in the transition to castrate resistant disease, have led to the development of more potent and selective endocrine therapies. In addition, elucidation of the many factors in the bone microenvironment that promote the development and subsequent progression of skeletal metastases has led to the discovery of new bone-targeting agents that can delay the onset of skeletal related events and improve quality of life and survival. This review will highlight recently approved novel agents as well as others currently under investigation for the treatment of castrate-resistant prostate cancer (CRPC).
men who relapse after surgery or radiation therapy with curative intent, initial androgen-deprivation therapy (ADT) achieved through medical or surgical castration results in biochemical, objective, and symptomatic improvement in a majority of men. However, this therapy alone is not curative and patients invariably progress to a lethal or castrate-resistant phase of the disease.
It is known that in the castrate-resistant state, androgen signaling persists despite low levels of testicular androgens. At the same time, molecular changes in the castrate-resistant (CRPC) cell occur that enable it to take up and convert small amounts of adrenal androgen precursors to testosterone and DHT. [1] [2] [3] This de novo synthesis is facilitated by an over-expression and up-regulation of intracellular enzymes required for androgen synthesis. [1] [2] [3] In addition, amplification and sensitization of the androgen receptor occurs leading to ligand-independent activation.
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New Hormonal Therapies Abiraterone Acetate (Zytiga)
Abiraterone blocks the production of testicular, adrenal, and intra-tumoral androgens by irreversibly inhibiting CYP17, an enzyme vital for the synthesis of dihydroepiandrosterone (DHEA) and androstenedione, the direct precursors of testosterone synthesis in humans. This results in a decrease in downstream androgen signaling (see Figure 1 ). The efficacy of abiraterone was confirmed in a large Phase III multicenter, randomized, double-blind, placebo-controlled trial in which 1195 me with metastatic CRPC (mCRPC) who had previously received docetaxel-based chemotherapy were randomized 2:1 to receive abiraterone 1,000 mg orally daily and prednisone 5 mg orally twice daily or prednisone 5 mg orally twice daily and placebo. 4 The primary endpoint of this study was OS (OS). Approximately 90 % of patients had bone metastases and of these, 44 % had clinically significant pain. Treatment was continued until disease progression, defined as a composite of objective progression, symptomatic progression, and a rising prostate specific antigen (PSA).
The trial was terminated after an interim analysis conducted at a median follow-up of 13 months showed a significant improvement in OS in the abiraterone and prednisone treated group compared to placebo (14.8 months versus 10.9 months; p<0.0001, HR 0.646). Secondary endpoints of progression-free survival, PSA response and time to PSA progression were also significantly improved in the abiraterone treated group. In a recent subset analysis, abiraterone significantly reduced pain from skeletal metastases and increased the time to development of first skeletal related event (SRE), defined as pathologic fracture, spinal cord compression, or requirement for palliative radiation therapy or surgery, compared with placebo. 4 Inhibition of CYP17 by abiraterone can lead to increased mineralcorticoid production by the adrenal glands resulting in hypokalemia, hypertension, and fluid retention. 5 While the incidence of these side effects was more common in the abiraterone treated group, they were generally mild (grade one or two) and ameliorated by concurrent prednisone administration.
Abiraterone has also been approved for asymptomatic patients or mildly symptomatic patients with mCRPC who have not yet received prior chemotherapy (COu-AA-302) This study was recently unblinded after a planned interim analysis showed improvements in the co-primary endpoints of the study, radiographic progression-free survival (rPFS) and OS for the abiraterone and prednisone treated patients compared to those receiving placebo and prednisone. 6 At a median follow-up of 
Immunotherapeutic Approaches
The rationale for the development of therapeutic prostate cancer vaccines is based on the identification of cell surface tumor associated antigens (notably prostatic alkaline phosphatase (PAP), PSA, and cytotoxic T lymphocyte antibody 4 (CTLA4) that can serve as specific targets for immunotherapy 9 Sipuleucal-T (Provenge) is an autologous dendritic cell vaccine in which the patient's own mononuclearcells are Ipilimumab (Yervoy) is an immunostimulatory antibody that binds to CTLA-4, an antibody expressed on cytotoxic T lymphocytes which play a pivotal role in regulating natural immune responses. 14 The ability of ipilimumab to block CTLA-4 enhances the immune system's T cell response to cancer cells. 15 Ipilimumab was approved for the treatment of metastatic melanoma in 2010. A potential benefit for ipilimumab in combination with standard ADT in downstaging patients with both early and more advanced stage prostate cancer was suggested in two early Phase II clinical trials. 16, 17 Potential synergy was also suggested for ipilimumab in combination with radiation in a randomized open label phase I/II study. 18 The main grade 3/4 toxicities included colitis, diarrhea, and hepatitis. These side effects were not exacerbated by use of concurrent radiation therapy. Phase III clinical trials of ipilimumab in chemotherapy-naïve patients with CRPC and in combination with bone targeted radiation therapy in CRPC patients who previously received docetaxel are in progress. 
Tubulin-targeting Agents

Bone-targeting Agents Denosumab (Xgeva)
Bone metastases are present in more than 80 % of patients with advanced prostate cancer. It is known that tumor cells can secrete a variety of osteoclast-stimulating factors, including receptor activation of NF-kB ligand (RANKL). These factors can both promote tumor growth and exacerbate destructive bone resorption. 23, 24 Denosumab (Xgeva), a monoclonal antibody that binds to RANKL, was compared to Zoledronic acid (Zometa) in men with CRPC and established skeletal metastases. 25 In this Phase III study, patients treated with denosumab had a 3.6 month improvement in time to initial skeletal related event compared with zelodronic acid. There were no differences in rates of hypocalcemia, osteonecrosis of the mandible, or renal toxicity between the two treatment arms.
The potential for denosumab to delay development of bone metastases was recently explored in a randomized Phase III trial. 26 Patients with high-risk non-metastatic CRPC (defined as PSA of > 8 or a PSADT < 10 months at study entry) were randomized 1:1 to receive denosumab or placebo. The primary endpoint was bone metastasis-free survival (bMFS).
Denosumab reduced the overall risk for developing skeletal metastases by 15 %. In the subset of patients whose PSADT was < 6 months, bMFS was 6.5 months shorter for the placebo group than those receiving denosumab (18.7 months versus 25.2 months). Although these results are favorable, denosumab is not currently approved for treatment of nonmetastatic CRPC patients at higher risk for developing bone metastasis.
Rad-223 Chloride (Alpharadin)
Rad-223 Chloride is a novel radiopharmaceutical that emits alpha particles. Radium is known to mimic calcium and binds to osteoclasts and other bone matrix targets resulting in inhibition of new bone growth associated with metastasis in CRPC patients. 27 The alpha particles emitted by radioisotope Rad-223 (which subsequently decays) can deliver lethal DNA damaging doses of radiation selectively to areas of osseous metastases. Because alpha particles have a shorter degree of penetrance than gamma or beta particles, they have the ability to spare collateral damage to surrounding healthy tissues. Radium-223
Chloride can be administered by Iv injection in an outpatient setting.
The potential of Rad-223 chloride to improve OS in men with CRPC was explored in the recently completed ASLYMCA trial. 28 In this trial, men who were not considered fit for docetaxel or had previously received docetaxel were randomized 2:1 to receive intravenous Rad-223 chloride or placebo. The primary endpoint was OS. Treatment with cytotoxic or radioisotope therapy was not allowed while patients were on study drug. Rad-223 chloride was well tolerated with a lower incidence of adverse events compared with placebo. Hematologic toxicity was rare with grade 3/4 neutropenia and thrombocytopenia observed in only 2 % and 4 % of patients, respectively. Diarrhea was more common in the Rad-223 chloride treated group. Only 10 % of patients discontinued treatment due to adverse events.
An updated analysis of the ASLYMCA trial was recently conducted prior to crossover to Rad 223-Chloride for placebo patients. 29 The median OS benefit for Rad 223 increased from 2.8 months to 3.6 months (median 14.9 mo versus 11.3 mo; HR 0.695) and time to to first SRE increased to 5.8 months (15.6 mo versus 9.8 mo; HR 0.658) with confirmation of a highly favorable safety profile. A submission to the uS Food and Drug Administration for approval is planned.
XL184 (Cabozantinib)
XL184 is an oral inhibitor of several receptor tyrosine kinases, including MET and vEGFR-2, whose role in promoting tumor growth, invasiveness, and angiogenesis is well established. 30, 31 In particular,
MET is over-expressed in early stage and advanced prostate cancer with high levels of expression in bone metastasis. 30 Altered expression of c-Met and hepatocyte growth factor in prostate tumors and the bone microenvironment is believed to contribute to the growth and progression of bone metastasis. 
Clinical Trials In Progress
Clusterin is a stress-activated cytoprotective chaperone that is highly 
Future Perspectives
Over the past couple of years, the introduction of several new agents with novel mechanisms of action and favorable safety profiles has led to an improvement in OS and quality of life for men with metastatic CRPC. (see Table 1 Transcriptional and genomic profiling studies have identified recurrent gene fusions, chromosomal gains and losses, and deregulated pathways in prostate cancer including ETS genes, PTEN loss, and AR amplification that can drive the progression to metastatic CRPC. 37 using exome-based profiling, a diverse group of recurrent and potentially driving mutations and copy number alterations in both known and novel genes and pathways has recently been identified in a cohort of heavily-pre-treated patients with lethal CRPC. 38 The creation of large integrative genomic databases will undoubtedly enable researchers to more fully explore and better understand the relationships between cancer genes and disease progression, mechanisms of resistance, and response to therapy with the goal of matching the most effective drug or drug combinations with the molecular characteristics of the individual patient. Given the rapid evolution of translational science, the introduction and approval of several new agents with unique and diverse mechanisms of action with others in late-stage development, and the eagerly awaited results of recently completed and ongoing clinical trials, the therapeutic climate in CRPC is more exciting than ever. n
